This paper presents the successful application
Introduction
Early 1992 several E&P companies were contacted by Akzo Nobel to investigate their interest in a new technique to remove hydrocarbons from production water.
Elf Petroland was interested because of difficulties to meet the applicable legislation, requiring a maximum hydrocarbon concentration of 40 mg/l on the Dutch Continental Shelf and 20 mg/l on onshore locations. For this reason also another technique was in development, steam stripping, and the Akzo proposal could mean an interesting alternative.
Mid 1992, a test was conducted at Elf Petroland's onshore treating centre at Harlingen, in the North of the Netherlands. Condensed water from the glycol (DEG/TEG) regeneration units, having a hydrocarbon concentration of 2000 mg/l, was led through columns packed with MPPE particles. The test proved successful and Elf Petroland showed interest in a fullscale test.
A full-scale unit was developed with simplified design choices (like manual operation in stead of automatic) and sized to reduce the hydrocarbon contents from 2000 mg/l to 10 mg/l for a stream of 4 m3/hr. This unit was installed in June '94 for testing at field scale.
The good results of the test were for Elf the reason to acquire the unit in June '95, automate it in Nov. '96 and extend the application to the full discharged water stream produced by the Harlingen treating centre (formation-, process-and wastewater). This application and the required pre-treatment are currently being tested, with promising results.
The success of the pilot unit led for Akzo to further introduction of the MPPE technology to other industrial applications.
MPPE technology

The MPPE particles.
A scanning electron microscopic (SEM) photograph of Macro Porous Polymer particles is shown in figure 1 . The porous polymer particles have sizes 400-1000 micron, with pore sizes 0.1-10 micron. The resulting porosity is 70% to 80%.
Figure 1: Internal structure of the Macro Porous Polymer
These polymers were initially developed as controlled release media in medical applications. The application in water treatment started in 1991: a test at Orkney Water Test Centre on behalf of Akzo Nobel showed that MPP can be used to remove dissolved and dispersed oil from water by absorption. This was interesting because dissolved hydrocarbons are the main problem in offshore operations (these cannot be separated by gravity).
The polymer was further developed and the extraction liquid added, resulting in the actual efficient removal of dissolved and dispersed hydrocarbons.
System description.
A schematic representation of a typical MPPE unit is shown in figure 2. The hydrocarbon contaminated water is passed through a column packed with MPPE particles. At the end of the extraction phase, the column is regenerated in situ with low pressure steam. The shown two columns allow continuous operation with simultaneous extraction and regeneration. At the end of the cycle, columns are switched: the one used for extraction is regenerated and vice versa.
During regeneration the volatile hydrocarbons are removed from the particles by steam stripping, while the immobilised non-volatile extraction liquid is retained in the pores of the polymer. After condensation of the vapour phase an organic and an aqueous phase are obtained in the gravity separator. The aqueous condensate, containing a small amount of the hydrocarbons, is returned to the feed of the extraction column. The organic phase is sold as product. Possibly lacking data can be determined experimentally on lab scale for both extraction and regeneration The calculated extraction breakthrough curves (influent and effluent concentrations versus time) are verified once the unit is installed. If necessary, the operating conditions can be adjusted.
An important design parameter is the extraction time. This determines the size of the column: a longer extraction time means a larger quantity of MPPE particles to contain the extracted hydrocarbons and results in a larger sized column. It also determines the required steam capacity: a longer extraction time means more time is available for regeneration, resulting in less required steam capacity. In general the extraction time is chosen 1 to 2 hours.
Influence parameters
Once the design is calculated based on the parameters mentioned above, the influent properties may change (more or less flow, more or less hydrocarbons concentration). The influence is shown in Influent concentration. Case 1 shows that a 50 % higher influent concentration will result in a 50 % higher effluent concentration. To still meet the design effluent concentration of 0.1 ppm, only a 10 % flow reduction is required as shown by case 1a. This can for example be achieved in case of varying flows, by installing a buffer tank. If there is no possibility to decrease the flowrate, the regeneration time could be shortened. Case 1b shows that with a 50 % too high feed concentration the effluent requirements can still be met by increasing the annual steam consumption with 4 %. For this a 10 % larger steam capacity is required, because the increased steam capacity is only used during part of the regeneration cycle.
Flow rate. Case 2 shows that a 15 % higher flowrate will result in a 100 % higher effluent concentration. To bring the effluent concentration back to design conditions is more difficult. It is therefore recommended to oversize the unit with respect to the maximum expected flow, to allow treating unexpectedly higher flows. Table 4 . Cost and other parameters for some design cases
Note that during loading of the column, hydrocarbon contents in the effluent gradually increases, see figure 3 . This means that if at the end of the loading time the concentration is within the required limit, in average over the loading period a significantly lower concentration is discharged. In general the average concentration in the effluent during extraction appears to be only approximately 1/3 of the concentration measured at the end of the cycle. For calculating the discharged amount of hydrocarbons, this should be taken into account, otherwise too large values will be obtained. The unit operates in a sequence of steps described below (see figure 4 for the process flow diagram of a 2-column system). a. Extract with column C-01 and regenerate column C-02. This step together with step d. is the main part of the process: one column being loaded and the other column being regenerated. Advance to the next step after the predefined extraction time (e.g. 90 minutes).
b. Pass over from column C-02 to column C-01. The influent is routed to the just regenerated column C-02 and passed over to column C-01. This way the heat content of column and MPPE material of the just regenerated column is used to pre-heat the other column before regeneration. Advance to the next step when the temperature at the top of column C-02 drops below a predefined level (e.g. below 60 °C). 
First industrial MPPE unit
Application description.
The first industrial application of the MPPE technology took place at the gas treating centre of Elf Petroland in Harlingen. Harlingen is located in the North of Holland, on the shore of the Waddensea, a shallow tidal pool connected to the North Sea. There, Elf Petroland collects natural gas from one off-shore platform and several onshore fields, with a total gas production of approx. 2,5 MNm3/day (90 MMscf/D). The total water production is approx. 100 m3/day.
Because of the main objective being to reduce the amount of dissolved hydrocarbons (benzene, toluene, ethylbenzene, xylene), it was decided initially to treat the most BTEX rich part of the process water: the condensed vapours from the DEG and TEG regeneration units.
Unit description
The pilot MPPE unit was installed in June '94 downstream the reflux drum of the glycol regenerators. A photograph of the unit is presented in figure 5 .
Column sizes are 2 m height and 0.8 m diameter and designed for 8 hours extraction time (the switch over from extraction to regeneration was initially performed manually by the plant operator, the extraction time was taken in order to have only one column changeover per 8 hrs shift). The water stream flowrate to be treated ranged from 2 to 4 m 3 /h, with benzene concentrations from 2000 to 3000 ppm.
For the regeneration a steam generator is installed in the skid, which is fed with demineralized water. The regeneration vapours are condensed by the production water effluent of the unit. The effluent is lined up to the Harlingen TC watertreatment unit and afterwards discharged to public watertreating facilities. 
Improvements.
Several problems were solved: Loss of MPPE grains. Initially grains were packed loose in column cylinders on a bottom screen. Material was several times lost with effluent and caused blocked lines. A filter cartridge system was introduced to avoid the possibility to loose material and also for easier handling in case of MPPE renewal.
Water supply. Demineralisation had to be applied on the water used for steam generation (potable water), because the hardness of the water contents caused problems with the steam generator.
Steam condensation. Initially steam condensation blocked the regeneration lines. This was solved by eliminating low points in the steam piping and by trace heating the piping to ensure at least 110 °C.
Condensate problems. Free condensate, caused for example by carry-over from the DEG or TEG reflux drums, has caused problems with meeting the required effluent concentration, although also influent peaks of 3000, 7000 and 10,000 ppm hydrocarbons, showing a dispersed phase, have been reduced to 1.0 ppm level in the effluent. The problem was solved by improvement of the level control in the reflux drums.
A major improvement was automation. Initially the unit was designed for manual operation, with an 8 hour loading time (one change over from loading to regeneration per shift). Following the success of the test, the unit was automised.
Results.
The results of the pilot unit are presented in figure 6 . The last six months are presented, before the MPPE unit was hooked up to treat all discharged water of Harlingen TC. The graph shows that very good results are obtained, compared to the aimed discharged hydrocarbon contents of 10 mg/l. Frequently the hydrocarbon contents is reduced from approx. 1500 mg/l to 0.1-0.2 mg/l. To be noted however that no problems of free condensate being fed to the unit have occurred in that period. 
Present test (formation-, process-and wastewater).
The initial MPPE application lasted until May '97 when glycol injection on the offshore platform was stopped. Due to the lower field pressure the risk of hydrates no longer existed, and glycol for hydrate prevention was no longer required. The MPPE unit in the glycol regeneration section was not needed any more.
Anticipating a new permit with more severe constraint on hydrocarbon concentration (0.1 ppm benzene), the unit is now hooked up as to treat the total discharged water stream (formation-, process-and wastewater).
The new flow is approx. 100 m3/ day with pre-treatment in the existing oily-water unit and an additional sandbed filter. The oily water unit is designed to remove hydrocarbons and sediments by gravity separation (coagulation/flocculation & flotation unit), the sandbed filter is an additional treatment to remove solids and flocculated ironhydroxide.
The stream contains maximum 60 mg/l benzene, ions (mainly iron, calcium, chlorides, sulfates), sodium hydroxide (for PH stabilisation), corrosion inhibitor (injected off-shore, film forming), flocculant (to improve separation of suspended hydrocarbons and solids in coagulation/flocculation/flotation unit), glycol and other components.
Test is still ongoing. An effluent concentration of 100 µg/l hydrocarbons is realised. A problem that was experienced is fouling of the MPPE bed, for which two possible causes have been identified: -a temporary overdosis of corrosion inhibitor, intended to form an hydrophobic layer in the sea-line, may have covered the MPPE particles. Just after the glycol stop a high dose has been injected to form the initial protective film, but at current lower concentrations, this problem seems solved. -iron hydroxide or other complexes that were formed before the MPPE bed. This seems possible with the applied combination of flocculant, sodium hydroxide and ions, for certain concentrations and retention times that may be the case in the actual set-up.
At present the system is adapted and the problems are solved. Some more testing is required to demonstrate the reliability of system.
Comparison of MPPE with alternatives
Comparison of MPPE with steam stripping.
On two Elf Petroland's offshore installations, hydrocarbon removal is accomplished with steam-stripping Compared to steam stripping the MPPE technology is 60% lower in capex and 30% lower in opex for the case considered. For operation on offshore unmanned platforms, with low visit frequency, it should be mentioned that steam stripping operates with the treated water, whereas MPPE requires an external water supply. Used exchange rate $ 1 = 2.0 nlg 2 . An inventory was prepared of techniques for the reduction of benzene and heavy metals emissions to sea and compared on the following criteria: required area for plant construction, plant weight, cross-media aspects (use of energy and chemicals, waste production, emissions), treatment costs, capability to remove benzene and heavy metals and development status of the technique. MPPE is one of the seven (7) best ranked technologies, the only 7 that were studied in more detail, of the 52 technologies that were considered.
In 1996 the MPPE technology has been evaluated and verified for treatment of offshore process water by the Orkney Water Technology Centre on request of various oil and gas companies. Tests were carried out on simulated produced water (obtained by contacting seawater with condensate), with a flowrate of approx. 0.8 m³/hr and a regeneration time of 30 minutes.
The tests showed that the BTX concentration was consistently reduced to below 5 mg/l (detection limit of the applied measurement technique), with influent concentrations up to approx. 800 mg/l. Analysis with IR spectrometrie of typical results showed that virtually all aromatic component had been removed and much of the aliphatic hydrocarbons.
The tests showed also that dispersed oil (added up to approx. 150 mg/l) did not affect the performance of the unit: BTX was still reduced to below 5 mg/l and also the dispersed oil concentrations at the outlet was found to be much less than at the inlet. This suggests the MPPE unit could operate successfully in the presence of dispersed oil, even if the long term operating trends have not been tested.
Finally the tests showed that addition of any of several typical chemical components, did not affect the performance regarding BTX removal.
The results of the comparison with other techniques will be available in April 1999.
Further MPPE developments
Oil & gas industry.
Examples of other proposals for off shore gas production water treatment that have been submitted are given in For oil production water, flow rates are ranging from 100 to several hundreds m 3 /h while aliphatics (mainly) and aromatics are in concentration ranges of hundreds of ppm. Due to these lower concentration ranges and the fact that aliphatics are easier to remove than aromatics the column sizes remain small and the steam consumption per m 3 water is reduced to 0.3 kg/m 3 (see table 8 ). If the total contaminants is taken as benzene then of course column size is increasing.
Other industrial applications.
The proven practical performance of the MPPE unit at Elf Petroland in Harlingen formed an important step forwards in further introduction of this technology for water treatment 3, 4 . At this moment fourteen industrial units are running or under construction in the USA and Europe (see table 9 ). Six of these are treating process water and eight are applied in the ground water remediation area. 
Conclusion
MPPE is an interesting innovative technique for the removal of hydrocarbons from waste water streams associated with the production of oil and gas. Interesting because:
1. It has proven an average hydrocarbon contents reduction from 1335 to 0,42 mg/l over 6 months in the treatment of condensed overhead vapours resulting from glycol regeneration.
2. A field scale test on treatment of the full water stream discharged by a gas treating centre is progressing successfully.
3. Comparison with other technologies, as far as yet available for this new technique, shows MPPE is a competitive alternative to other methods applied in the oil and gas industry. 4. Application in other branches of industry shows the unit is operationally field proven (9 units running).
Further tests and applications will have to demonstrate to what extent the E&P companies can further benefit from the MPPE technology in the reduction of hydrocarbon emissions to the environment.
